Parkinson's disease (PD) is a major neurodegenerative disorder for which the etiology and pathogenesis remain as elusive as for Alzheimer's disease. PD appears to be caused by genetic and environmental factors, and pedigree and cohort studies have identified numerous susceptibility genes and loci related to PD. Autosomal recessive mutations in the genes Parkin, Pink1, DJ-1, ATP13A2, PLA2G6, and FBXO7 have been linked to PD susceptibility. Such mutations in ATP13A2, also named PARK9, were first identified in 2006 in a Chilean family and are associated with a juvenile-onset, levodopa-responsive type of Parkinsonism called Kufor-Rakeb syndrome (KRS). KRS involves pyramidal degeneration, supranuclear palsy, and cognitive impairment. Here we review current knowledge about the ATP13A2 gene, clinical characteristics of patients with PD-associated ATP13A2 mutations, and models of how the ATP13A2 protein may help prevent neurodegeneration by inhibiting -synuclein aggregation and supporting normal lysosomal and mitochondrial function. We also discuss another ATP13A2 mutation that is associated with the family of neurodegenerative disorders called neuronal ceroid lipofuscinoses (NCLs), and we propose a single pathway whereby ATP13A2 mutations may contribute to NCLs and Parkinsonism. Finally, we highlight how studies of mutations in this gene may provide new insights into PD pathogenesis and identify potential therapeutic targets.
Introduction
Parkinson's disease (PD) is a neurodegenerative disorder for which the etiology and pathogenesis remain elusive, although it is known to be a multifactorial disease involving both genetic and environmental factors. Pedigree and cohort studies of patients with inherited forms of PD, which account for only 5-10% of cases [1] , have identified numerous genes and loci associated with PD susceptibility [2, 3] . Autosomal recessive mutations in six of these genes have been linked to the disease: Parkin (PARK2) [4] , DJ-1 (PARK7) [5] , PINK1 (PARK6) [6] , ATP13A2 (PARK9) [7] , PLA2G6 (PARK14) [8] , and FBXO7 (PARK15) [9] .
Autosomal recessive mutations in the ATP13A2 gene were first discovered in 2006 in a single Chilean pedigree [7] . Several members of the family showed a rare, juvenile-onset, levodopa-responsive type of Parkinsonism named KuforRakeb syndrome (KRS), involving pyramidal degeneration, supranuclear palsy, and cognitive impairment. Subsequent studies in several other countries linked other mutations to KRS and early-onset Parkinsonism. At the same time, ATP13A2 mutations have been associated with the occurrence of neurodegenerative disorders called neuronal ceroid lipofuscinoses (NCLs) in patients with Parkinsonism [10] . Some of the NCL-associated mutations overlap with PD-associated ones, suggesting a common pathway in the two types of neurological disease.
Here, we review recent advances in the emerging association of ATP13A2 mutations with Parkinsonism and NCLs. These findings point to the gene and/or protein as a potential therapeutic target.
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BioMed Research International in exon 26 [7] . In the same study, the authors also performed pedigree analysis of a Jordanian family with several members with KRS, leading to the identification of a 22-bp duplication in exon 16 (1632 1653dup22 or 552LfsX788). This duplication causes a frameshift, resulting in 236 extraneous amino acids followed by a stop codon. All these mutations were absent in a control group of 480 healthy individuals.
Sequencing the complete ATP13A2 coding region of 46 patients with juvenile-or young-onset PD led to the identification of three additional disease-associated mutations [11] : c.1510G>C/p.Gly504Arg in a Brazilian patient with sporadic PD, c.35C>T/p.Thr12Met (exon 2) in an Italian patient, and c.1597G>A/p.Gly533Arg (exon 16) in another Italian patient. This was the first study to identify any mutation associated with sporadic early-onset PD [11] . Subsequent studies in several countries identified additional novel ATP13A2 mutations in patients with early-onset disease (Table 1) , including studies on individuals from Japan [12, 13] , China [14] [15] [16] [17] , Europe [18] , Iran [18, 19] , Pakistan [20] , Afghanistan [21] , Lithuania [22] , Inuit communities in Greenland [23] , and Italy [24] .
The ATP13A2 mutation c.2236G>A/p.Ala746Thr (exon 20) was identified in three ethnic Chinese individuals from Taiwan and Singapore, two of whom had late-onset PD [14] .
However, two subsequent studies failed to detect this mutation in patients with early-or late-onset PD from mainland China and Hong Kong [25] [26] [27] . A third study of 65 Chinese patients with early-onset PD detected the Ala746Thr mutation in two patients and four healthy controls [15] . The same study also discovered a novel mutation associated with early-onset disease (c.3274 A>G, Gly1014Ser, exon 26). These studies highlight the need for more research, particularly on Chinese individuals, to identify additional mutations associated with disease and to resolve conflicting results about the Ala746Thr mutation.
Studies using multiplex ligation-dependent probe amplification (MLPA) to measure exon dosage in Iranian patients found deletion of ATP13A2 exon 2 to be associated with KRS [28] . Three of the 232 affected individuals in the study came from the same family and showed an average age of disease onset of 12 years. Genomic rearrangements were not detected among patients with sporadic or familial PD. In fact, several studies have failed to identify associations of ATP13A2 mutations with sporadic PD or non-KRS familial PD [25, 29] or with late-onset PD [30] . These findings highlight the need to examine ATP13A2 mutations in patients with sporadic or familial PD from a broad range of ethnicities, in order to clarify whether the mutations are associated only with juvenile-or young-onset Parkinsonism or perhaps only with KRS.
Clinical Characteristics of PD Patients
Carrying ATP13A2 Mutations KRS was initially described in a family with Parkinsonism in the Kufor-Rakeb district in Jordan; affected individuals show a juvenile-onset, levodopa-responsive form of PD involving pyramidal signs, dementia, and supranuclear gaze palsy [31] .
These symptoms are quite similar to those of pallidopyramidal syndrome, though KRS differs in that it involves dystonia, which is attributable to pyramidal dysfunction, as well as cognitive dysfunction and supranuclear upgaze paresis [31, 32] . From the literature, we extracted general clinical characteristics of 34 PD patients with ATP13A2 mutations (Table 2) . Most patients had KRS or early-onset disease, either sporadic or familial; two patients had late-onset PD. Slightly more patients were male (21, 56.7%) than female (16, 43 .3%); the average age of onset was 23.7 ± 13.8 years. The youngest patient was a 12-year-old Lithuanian boy who had had the disease for 6 years before his case was published; the oldest patient was a 63-year-old Taiwanese woman. Initial symptoms were diverse and included bradykinesia, dystonia, gait disturbance, mental retardation, anxiety, postural instability, and rest tremor. Clinical symptoms were varied and followed the following distribution from the most to the least frequent: rigidity ( = 37), bradykinesia (33), postural instability (29) , supranuclear upgaze paresis (22) , cognitive impairment (19) , dystonia (17) , resting tremor (17) , hallucination (16) , and myoclonus (16) . A uni-or bilateral Babinski sign was present in 27 of 37 patients.
Most patients were examined by computed tomography (CT) or magnetic resonance imaging (MRI); the most frequent significant features were an enlarged subarachnoid space and diffuse atrophy ranging from mild to severe. Only two patients, an adolescent from Pakistan [20] and an adolescent from Chile [33] , showed abnormal bilateral hypointensity in the putaminal and caudate nuclei on T2 * diffuse MRI images. The clinicians attending the Pakistani patient were able to exclude manganese deposition as the cause of hypointensity, since the patient did not experience manganese exposure or show chronic liver failure; copper deposition, since the patient showed normal serum levels of copper and ceruloplasmin, and the slit lamp test showed no K-F ring; and calcium deposition, since the patient showed normal CT results. In the end, the clinicians attributed the abnormal MRI hypointensity to iron deposition. The clinicians attending the Chilean patient also attributed the hypointensity to ferritin deposits based on the absence of hypointensity on brain CT images, though they did not perform tests to exclude the possibility of deposition of other metals [33] .
By single-photon emission CT (SPECT), patient NAPO6, an Italian with ATP13A2 mutation c.G2629A, showed specific-to-nondisplaceable V 3 binding ratios that were 75% lower in the caudate and 85% lower in the putamen than those of healthy individuals [24] . His younger brother, designated NAPO7, carried the same ATP13A2 mutation and showed mild mental retardation but no clinically obvious Parkinsonism. His V 3 ratio was 40% lower than normal in the caudate and 65% lower in the putamen, consistent with the fact that mild retardation can be an initial symptom of PD [9, 32] . These results suggest that combining genotyping of PD susceptibility genes with positron emission tomography or SPECT may improve diagnosis of early-stage PD, especially in subclinical patients. [13] F u n a y a m ae ta l . 2 0 1 0 Japan c.2236G>A (p.Ala746Thr) [15] C h e ne ta l . [34] . Wild-type ATP13A2 localizes to the lysosome, while all mutant forms associated with PD localize to the endoplasmic reticulum (ER) [9, 16, 35, 36] . In contrast to genes for other 5P-type ATPases, ATP13A2 in mice is expressed mainly in the brain, suggesting a brain-specific function. ATP13A2 levels in the substantia nigra are substantially lower in postmortem tissue biopsies of patients with sporadic PD than in the corresponding samples from healthy controls [37, 38] , but they are higher in survival dopaminergic (DA) neurons of patients than in those of controls [37] . ATP13A2 levels are particularly high in the cytosol of nigral dopaminergic neurons, where the protein accumulates in Lewy bodies [37] . These circumstantial data implicate ATP13A2 in the pathogenesis and/or progression of PD, but more direct evidence requires insights into the function of the ATP13A2 protein. Studies with cultures of fibroblast cells and DA cells taken from PD patients with ATP13A2 mutations showed that inhibiting ATP13A2 function decreased the ability of lysosomes to degrade proteins and mediate clearance of autophagosomes [37] . These cellular functions returned to near-normal levels after ATP13A2 activity was restored. These results suggest that ATP13A2 is required for normal lysosome function, which is in turn required for preventing -synuclein aggregation in neurons (Figure 1(a) ). This aggregation is a pathological hallmark of both sporadic and familial PD [39] .
Several additional studies provide further evidence that ATP13A2 prevents -synuclein aggregation. SH-SY5Y cultures overexpressing ATP13A2 showed lower intracellular levels of -synuclein, perhaps because of increased -synuclein export via multivesicular bodies (MVBs) (Figure 1(a) ) [40] . In both whole-animal and neuronal culture models of PD, coexpressing ATP13A2 with -synuclein led to lower synuclein levels in DA neurons than expressing synuclein alone [41] . Neuronal cultures lacking the ATP13A2 gene showed significantly higher endogenous levels of -synuclein than did the corresponding wild-type neurons [42] . Intriguingly the ATP13A2-knockout neurons did not show elevated levels or aggregates of tau protein, which may play an important role in the pathogenesis of Alzheimer's disease (AD). This raises the possibility that ATP13A2 interacts preferentially with -synuclein, consistent with a recent study showing that ATP13A2 colocalized with -synuclein in Lewy bodies but not with -amyloid [38] . In addition to ensuring proper lysosomal function, ATP13A2 may work in mitochondria, such that the reduced activity of ATP13A2 mutants may lead to mitochondrial defects that contribute to neurodegeneration (Figure 1(b) ) [43] . Fibroblasts from patients with KRS showed lower mitochondrial membrane potential and ATP synthesis rates than fibroblasts from healthy individuals [33] . Cell cultures deficient in ATP13A2 showed lower levels of autophagy than healthy cells, leading to higher levels of reactive oxygen species and concomitant oxidative stress [44] .
Overexpressing ATP13A2 in neurons inhibited cadmiuminduced mitochondrial fragmentation, while silencing ATP13A2 expression induced mitochondrial fragmentation [45] (Figure 1(b) ). That same study further showed that increasing or decreasing ATP13A2 expression substantially shortened the neurites of primary midbrain DA neurons, without affecting neurites of cortical neurons. This may mean that the morphological and functional integrity of DA neurons depends on well-controlled ATP13A2 expression [45] .
The available evidence suggests that ATP13A2, by supporting lysosomal and mitochondrial function, helps prevent the -synuclein aggregation associated with Parkinsonism [46] [47] [48] [49] . The implication is that the ATP13A2 mutations linked to KRS and other forms of PD are loss-of-function mutations that reduce ATP13A2 activity sufficiently to induce neurodegeneration. Future studies should examine in detail the activity, localization, and binding partners of these mutant proteins.
ATP13A2 and Cation
Accumulation. ATP13A2 plays a critical role in the transmembrane transport of manganese and zinc and perhaps of iron and cadmium as well [15] ; abnormal accumulation of any of these cations can cause neurodegeneration [41, [50] [51] [52] . Thus, patients with PD have been reported to show elevated levels of manganese and zinc in serum and cerebrospinal fluid [53] [54] [55] , and manganese and zinc exposure are significant environmental risk factors for PD [56, 57] . ATP13A2 helps protect cells from this toxicity by regulating the homeostasis of manganese and zinc in neurons [41, 44, 58, 59] . It may be that dysregulation of ATP13A2 expression disrupts the homeostasis of manganese and zinc in the brain, leading to neurodegeneration.
This possibility is consistent with the interpretation of the abnormal hypointensity in the putamina and caudate nuclei of patients with KRS in T2 * diffuse MRI images as iron deposits (see Section 3). This finding led those authors to propose KRS with iron deposits as a distinct condition called neurodegeneration with brain iron accumulation (NBIA) [20] . Indeed, iron accumulation was reported in the substantia nigra of PD patients [60] , where it was particularly abundant in DA neurons [61] . Administering the iron chelator deferiprone to an animal model of PD induced by oxidative stress improved motor function and increased dopamine levels in the striatum [62] . In a pilot randomized clinical trial, double-blind and placebo-controlled, deferiprone showed some ability to delay or reverse the progression of PD [62] .
How mutations in ATP13A2 may affect cation deposition is unclear. We speculate that loss-of-function mutations in ATP13A2 may work similarly to silencing of the PANK2 gene, which disrupts normal cation transfer and leads to mitochondrial and lysosomal dysfunction and ultimately to cation accumulation in the brain [63, 64] . In this way, ATP13A2 mutants may trigger deposition of the cations zinc, manganese, and iron, leading to metal-induced oxidative damage and ultimately causing decreases in glutathione peroxidase activity, glutathione (GSH) levels, and mitochondrial Complex I activity, as well as increases in levels of basal lipid peroxidation, free radicals, and glutamate [65] [66] [67] . The net result is significant neuronal loss that is the distinguishing pathological feature of PD.
This proposed mechanism implies that regulating or restoring the homeostasis of neurotoxic cations may be a neuroprotective therapy for patients with PD. However, only two of the 37 PD patients with ATP13A2 mutations that we reviewed showed cation accumulation on T2 * diffuse MRI images (Table 2) , and direct postmortem pathological evidence for metal accumulation in PD is lacking [20, 33] . Further studies are urgently needed to clarify whether ATP13A2 mutations contribute to PD by increasing susceptibility to cation toxicity.
ATP13A2 Mutations: A Link between
Parkinsonism and NCLs ATP13A2 mutations have been identified not only in patients with Parkinsonism, but also in patients with neuronal ceroid lipofuscinoses (NCLs) [10] . NCLs are a group of neurodegenerative disorders that are also lysosomal storage diseases. Clinical manifestations are seizures, progressive cognitive and motor decline, and failing vision. The pathological hallmark of NCLs is accumulation of autofluorescent lipopigment within neuronal lysosomes [68] . Recently, the mutation c.2429C>G in exon 22 of ATP13A2, predicted to result in the amino acid substitution p.Met810Arg, was identified in a Belgian family with NCLs [10] . Affected individuals showed not only typical NCL symptoms but also extrapyramidal involvement. Postmortem pathological examination revealed extensive lipofuscin deposits in the cortex, basal nuclei, cerebellum, and retina-but not the white matter-and electron microscopy showed whorled lamellar inclusions typical of NCLs [10] . A link between ATP13A2 mutations and NCL pathogenesis is further supported by studies in animal models [69, 70] . In fact, mice deficient in ATP13A2 exhibited neuronal ceroid lipofuscinosis, -synuclein accumulation, and age-dependent sensorimotor deficits, suggesting that PD and NCLs share a pathogenic mechanism [71] .
A shared disease pathway may help explain earlier reports of individuals who demonstrate an "overlapping" neurodegenerative syndrome combining Parkinsonism and NCLs [72] [73] [74] [75] [76] . ATP13A2 is a lysosomal transport protein that helps maintain optimal pH in lysosomes [46] , and ceramide is metabolized in lysosomes [77] . The apoptosis that appears to cause NCLs is associated with increased levels of ceramide [78, 79] , which have also been linked to -synuclein deposition, which may contribute to PD pathogenesis [80] . It may be that ATP13A2 helps regulate ceramide metabolism, such that significant changes in ATP13A2 activity may contribute to the pathogenesis of both PD and NCLs. This model is similar to that of the lysosomal storage disorder called Gaucher disease. The homozygous mutations in the -glucocerebrosidase gene that cause Gaucher disease also increase risk of PD [81] . Both diseases arise because lysosomal dysfunction leads to excessive aggregation of substrates that normally are degraded. Analogously, lysosomal dysfunction may underlie the clinically different neurodegenerative disorders of PD and NCLs.
Summary
Much has been learned about the physiological functions of ATP13A2 since mutations in the ATP13A2 gene were first linked to autosomal recessive familial KRS [7] . Patients with such mutations show onset at earlier ages than patients with other forms of PD, as well as some atypical clinical symptoms such as pyramidal degeneration, supranuclear palsy, cognitive impairment, and dystonia. Studies in animal models of PD and in cultures of cells taken from patients with KRS and other types of PD suggest that ATP13A2 is important for proper functioning of lysosomes and mitochondria and perhaps for clearance of divalent metals; defects in any of these three processes are tightly associated with neurodegeneration. Nevertheless, more studies are needed that directly examine how PD-associated mutations in ATP13A2 affect the activity and localization of the protein and ultimately the integrity of these three processes. ATP13A2 mutations that affect one of these processes, lysosomal functioning, may simultaneously increase the risk of PD and NCLs. In other words, these quite clinically different diseases may share a mechanism of lysosomal dysfunction. If further studies validate the literature, the ATP13A2 gene and/or protein may become a suitable therapeutic target for treating both PD and NCLs.
